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Abstract: Energy harvesting cognitive radio has been considered as a promising technology in the fifth generation
(5G) of wireless networks to solve the lack of spectrum and energy. In this paper, a novel wireless energy harvesting
relay network is proposed for a multiuser cognitive radio to obtain the maximum throughput and decrease the false
alarm and misdetection probabilities. The secondary user (SU) can harvest energy from solar sources while utilizing
the licensed spectrum of the primary user (PU). Cooperative spectrum sensing is applied to improve the performance
of the secondary network and decrease collision and sensing time. In this paper, the SU can carry out the transmitting,
harvesting, and sensing using a full-duplex technique at the same time. Furthermore, we analyze the spectrum sensing
of the proposed multiuser network under a data fusion scheme to discover the frequency hole. We demonstrate that the
optimization problem can convert into a convex problem and achieve the optimal regulated rate of energy harvesting
based on the Lagrangian function. This new network provides improved throughput, precise spectrum sensing, and high
energy harvesting compared to the existing works studied so far. Finally, we verify the efficiency of the proposed method
via simulation results and show that the optimal regulated rate is determined based on the priority of given constraints.
Key words: Cognitive radio, cooperative spectrum sensing, energy harvesting, full-duplex, relay

1. Introduction
In the last few years, energy harvesting cognitive relay systems have received significant attention as an efficient
technology to utilize the ambient energy and idle spectrum for unlicensed users. In the process of energy
harvesting, the secondary user (SU) extracts energy from the harvestable sources of the environment such as
wind, heat, waves, and light. Opportunistic spectrum access has also been a hot topic in cognitive radio, which
can improve the bandwidth efficiency and simplify the spectrum reuse. In other words, the SUs can share
the frequency band when the primary users (PUs) give up the channel [1–3]. A general summary of radio
frequency energy harvesting systems was discussed in [4], including new research, system architecture, useful
techniques, and available applications. Additionally, the applications of radio frequency energy harvesting are
investigated in different networks, such as wireless sensor networks [5] and wireless charging networks [6]. An
optimal cooperation protocol was proposed for an energy harvesting cognitive radio system in [7] to maximize
the achievable throughput and provide the optimal decision, which consists of a two-level test. Furthermore, the
average throughput was formulated under collision and energy constraints in [8] in order to achieve the optimal
sensing time and threshold of the energy detector.
Relay technology was investigated for cognitive radio networks in [9–12]. In [13], the effect of relaying
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protocol was analyzed on the throughput and outage probability in energy harvesting cognitive radio systems.
A fast spectrum sensing algorithm was proposed in [14] to obtain the optimum decision. Another approach
was studied in [15] to maximize the throughput with cooperative sensing, where the optimum number of SUs
is achieved by an iterative algorithm for a certain number of iterations. Most works on linear cooperative
spectrum sensing are considered as a single objective optimization, whereas in [16, 17] a multiple objective
optimization approach was proposed to maximize the throughput and minimize the missed detection probability.
Furthermore, one optimal algorithm and two suboptimal algorithms were defined in [18] to optimize the resource
allocation of the SU in a cognitive radio system under an interference constraint. This work employs the
Lagrange formulation to maximize the downlink capacity of the network. A three-dimensional Markov model
was investigated for an energy harvesting system in [19] to maximize the throughput and optimize the harvested
energy rate.
The rest of this paper is organized as follows. Section 2 describes the specifications of the proposed
multiuser network and the differences from the literature. Section 3 introduces the system model for the
proposed multiuser cognitive relay network. The active probability that operates the transmitter of the SU for
the hybrid channel is described in Section 4. Cooperative spectrum sensing is studied for the proposed network
in Section 5. Section 6 provides the maximum throughput and the optimal regulated rate for cooperative
spectrum sensing under the active probability, the average transmit, and interference power constraints. In
Section 7, the results and discussion are presented. Finally, our conclusions are stated in Section 8.
2. Related works
Relay cooperation can improve the spectrum efficiency and achievable throughput in energy harvesting cognitive
networks [20, 21]. In this paper, we apply the amplify-and-forward (AF) relay protocol to amplify the transmit
power of the SU in the proposed multiuser network, where the direct path is blocked due to deep fading and
each SU uses only its relay. Cooperative spectrum sensing is another important approach in cognitive radio
networks and is greatly studied; hence, we focus on it to enhance the precision of spectrum sensing. The
maximum throughput of the secondary network is achieved based on cooperative spectrum sensing in two
types, data fusion and decision fusion, in [22], where the SU acts in time slotted mode and harvests energy
from the environment. Unlike our proposed multiuser approach, the SU can only do either spectrum sensing,
data transmission, or energy harvesting at every time point. We propose an optimal power allocation based on
regulated rate of energy harvesting to improve the average throughput. The problem of power allocation was
analyzed in [23, 24] to maximize the expected achievable throughput of cognitive relay networks. We develop our
proposed multiuser network under a collision constraint in order to protect the PU from damaging interference
of the SU. The work in [25] suggested interference aware spectrum sensing to improve the efficiency of the
spectrum hole discovery. In this scenario, the optimization problem is formulated to find the detection threshold
for a single detector and cooperative detectors. In the majority of the above works, THS occurs in separate
time slots, whereas the SU performs these three operations at the same time in our proposed scheme based
on full-duplex communications. Additionally, performance improvement is given by optimal power allocation,
optimal harvested rate, full-duplex cooperative sensing, and satisfied constraints in this paper. The optimization
problem of transmission power was studied in [26] to maximize the sum-throughput of the SU, inspired by recent
advancement in full-duplex. Additionally, the authors in [27] investigated the problem of power control in an
underlay cognitive radio network where the SU exploits full-duplex transmissions. Wireless full-duplex spectrum
sensing schemes were also studied for SUs in multichannel non-time-slotted cognitive radio networks in [28].
3401

MORADI and FARROKHI/Turk J Elec Eng & Comp Sci

The performance improvement of the proposed network can be justified by the fact that the simultaneous
THS protocol increases the duration of energy harvesting, data transmitting, and spectrum sensing. The first
benefit of it compared to existing works is that the addition of energy harvesting time provides more stored
power in the battery of the SU. Also, this addition of the power leads to the increase of the average throughput.
The second advantage is that the addition of the spectrum sensing period causes the decrease of false alarms
and the misdetection probabilities and the increase of the correct detection probability. It also provides more
guarding for the PU from damaging interference of the SU and facilitates the use of a more complex spectrum
sensing method that requires more spectrum sensing duration. Thirdly, when the data transmission time is
increased the average throughput of the SU network improves and the connection between the transmitted data
packets is provided in the proposed multiuser network.
3. Multiuser cognitive relay model with energy harvesting
As shown in Figure 1, we consider an energy harvesting cognitive relay system where the SUs are allowed to
exploit the frequency band of the PU by spectrum overlay and spectrum underlay techniques. Furthermore,
the SUs are capable of harvesting energy from a small solar panel in order to provide the required power for
the dynamic spectrum access and data transmission. The energy storage of the SUs can charge and discharge
at the same time based on new energy harvesting devices [29]. Additionally, the SUs can sense the channel
and transmit data if the frequency band is idle at the same time based on full-duplex. The first frame is only
dedicated for sensing. If the frequency band is sensed to be idle, sensing and transmitting occur at the same
time in the next frames. If the energy detector alarms the presence of the PU, SUs stop data transmission and
give up the channel while spectrum sensing is continued during the frame until a frequency hole is discovered.
In other words, THS can be performed concurrently at each frame in the proposed model. In order to increase
the average throughput of the SUs, it is supposed that the data queue of the SUs is saturated and the SUs
always have a stack for data transmission in a buffer.
As depicted in Figure 2, the frame structure of the energy harvesting cognitive relay system for multiple

Figure 1. Multiuser cognitive relay model with energy harvesting.
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SUs in most existing works is separately divided into three parts. First, the SU harvests energy for τ1 s, and
then it listens to the channel for τ2 s. The SU will use the spectrum for the remaining frame, i.e. T − τ1 − τ2 if
the spectrum hole is detected or not, and it will harvest energy as long as the next frame. Accordingly, there is
a trade-off between the period of THS. When the period of the energy harvesting is increased, the stored energy
of the battery is also increased. Similarly, addition to the spectrum sensing period results in higher spectrum
exploitation, although the duration increase of energy harvesting and spectrum sensing causes a reduction of
data transmission duration, which leads to the decrease of the average throughput of the energy harvesting
cognitive relay system.

Figure 2. Frame structure of existing works for energy harvesting cognitive relay system with multiple SUs.

To solve the trade-off problem, we propose a new frame structure for an energy harvesting cognitive relay
system as illustrated in Figure 3, where THS functions are performed at the same time. The energy harvesting
time of the previous frame is equal to τ1 < T , while it is equal to T in the new one, which causes the addition
of storage power and leads to the increase of the achievable throughput because of new frame increase active
probability (discussed in Section 4). Throughput is multiplied by active probability. Furthermore, the spectrum
sensing duration of the previous frame is τ2 < T , while it is T in the proposed one. The increase of sensing time
leads to the increase of the number of data samples ( N = T fs , fs is sampling frequency). When the number
of samples of the energy detector is added, the precision of the energy detector to detect the PU is increased.
Thus, this results in the decrease of false alarms and missed detection probabilities and the increase of correct
detection probability. The data transmission period of the previous frame is T − τ1 − τ2 < T , while it is T in
the new frame. The average throughput of the previous frame is multiplied by ((T − τ1 − τ2 )/T ) < 1 , which
degrades the performance, while the throughput of the proposed system is independent of T (i.e. ((T /T ) = 1 ).
Thus, the new frame improves the average throughput.
As is known, missed detection and false alarm probabilities are two main problems in cognitive radio
systems, which decrease the system performance and spectrum utilization. Missed detection take places when
the PU is present but the detector declares that the channel is idle, which leads to the collision of the SU
with the PU. A false alarm happens when the PU is absent but the detector announces that the channel is
busy. Thus, the energy harvesting cognitive relay system should be designed in such a way that the false alarm
and missed detection probabilities are decreased as much as possible. Let Pf and Pd be the false alarm and
detection probabilities, respectively.
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Figure 3. Frame structure of proposed energy harvesting cognitive relay system with multiple SUs.

In order to implement concurrent sensing and transmission, it is supposed that the SU has two antennas
where one antenna catches the signal from the surroundings to listen to the frequency band (idle/busy) and
another antenna sends data packets at the same time [30]. The sensing/receiving and transmitting antennas are
denoted by SU-RX and SU-TX, respectively, as shown in Figure 4. The self-interference at SU-RX is caused
by the leakage of the radio frequency signal from SU-TX to SU-RX. The full duplex procedures are applied to
eliminate the self-interference such as null-steering beam-forming, digital elimination, antenna polarization
diversity, passive radio frequency suppression, and active analog radio frequency cancellation. The factor
of self-interference elimination capability is represented by α , which is yielded by dividing the remaining
self-interference (after applying full duplex methods) by the whole self-interference. If the self-interference
suppression is carried out perfectly, α will be equal to zero.

Figure 4. Self-interference elimination technique for concurrent sensing/receiving and transmission in each link of
Figure 1.

In this proposed energy harvesting cognitive relay system, the frequency band of the PU is considered as
a hybrid channel, which consists of two cases: an overlay case and an underlay case. In the overlay case, when
the frequency band is idle and the PU is not active, the SU can utilize the channel, called a spectrum hole. If
the PU is active and the spectrum is busy, the SU must sense the channel in order to detect the idle spectrum.
In the underlay case, the SU and PU can exist in the channel at the same time provided that the power of the
SU is below the maximum interference power. Let H0 and H1 denote the channel status for idle and busy
spectra with probabilities P (H0 ) and P (H1 ) , respectively.
We assume that transmission is over Rayleigh flat fading channels and additive white Gaussian noise
3404

MORADI and FARROKHI/Turk J Elec Eng & Comp Sci

is distributed as a circularly symmetric complex with zero-mean and variance σz2 . Also,

√

β denotes the AF
T
amplification factor of the relay. Each frame includes two equal time slots, i.e. T1 = T2 = , where T1 is the
2
transmission duration from SU1 to the relay and T2 is transmission duration from relay to SU2, as shown in
Figure 4. In the total frames after the first frame, the SU can concurrently sense the channel for detection of
the spectrum hole, receive data packets from peer nodes, harvest energy from the environment, and transmit
data packets to the relay, whereas the relay amplifies and sends the signal to the peer node of the SU.
The key notations used for the proposed multiuser network are summarized in Table 1.
Table 1. Key notations for m th SU.

Notation
Pd
T
√
β
ps T
P (H0 )
λm
hm
ss
hm
sp
hm
sr
Γm

Definition
Detection probability
Duration of frame structure
Amplification factor of the relay
Energy needed for spectrum sensing
Idle spectrum probability
Regulated rate of energy harvesting
Channel coefficient from SU-TX to SU-RX
Channel coefficient from SU-TX to PU
Channel coefficient from SU-TX to relay
Maximum interference power

Notation
Pf
N
αm
pt T
P (H1 )
wm
hm
rp
hm
ps
hm
rs
Ptotalm

Definition
False alarm probability
Total number of samples
Factor of self-interference elimination
Energy needed for data transmission
Busy spectrum probability
Contribution weight
Channel coefficient from relay to PU
Channel coefficient from PU to SU-RX
Channel coefficient from relay to SU-RX
Total allowed transmission power

4. Active operation of the SU’s transmitter by harvested energy in hybrid channel
In this section, we analyze the active probability of the SU’s transmitter based on harvested energy rate. The
SU uses the harvested energy to sense the spectrum and transmit data. Let ps and pt be the power required
for spectrum sensing and data transmission, respectively. The energy needed for spectrum sensing and data
transmission is given by ps T and pt T in the proposed multiuser network. Suppose En and Eneh denote the
remaining harvested energy at the start of frame n and the harvested energy during frame n , respectively.
The harvested energy is stacked in the battery with finite capacity. Also, it is assumed that there is no power
storage except for the harvested energy capacitor for the SU.
In this setup, the transmitter of the SU works in two decision modes: active mode and nonactive mode.
In the active mode ( θn = 1 ), the remaining harvested energy is equal to or more than the energy needed for
spectrum sensing and data transmission so data transmission can occur in the overlay case if the PU is not
present in the frequency spectrum and in the underlay case if the channel is busy. In the nonactive mode
( θn = 0 ), En is less than ps T + pt T . Thus, the transmitter is turned off and does not consume energy until
the next frame. Accordingly, a spectrum access decision for activation of the SU is given by:
{
0
θn =
1

En < ps T + pt T
En ≥ ps T + pt T

(1)

In the active mode, the average harvested energy at each frame should not be less than the average
3405
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consumed energy. Therefore, the average consumed energy in the active mode can be written as:
Enc = ps T + pt T (P (H0 ) (1 − Pf ) + P (H1 ) (1 − Pd ))

(2)

The remaining energy at the start of the next frame is obtained by:
En+1 = En + Eneh − Enc

(3)

Accordingly, the ratio of mean harvested energy to mean consumed energy for the mth SU in overlay and
underlay cases can be respectively calculated by:
o
ψm
=

Eneh
Eueh λom T
, m = 1, 2, ..., 2M
=
Enc
ps T + pt T (P (H0 ) (1 − Pf ) + P (H1 ) (1 − Pd ))

(4)

Eneh
Eueh λum T
=
, m = 1, 2, ..., 2M
Enc
ps T + pt T (P (H0 )Pf + P (H1 )Pd )

(5)

u
ψm
=

Here, λom and λum indicate the harvested energy rates in overlay and underlay cases, respectively, with integer
numbers, i.e. 1, 2, 3, … and Eueh denotes energy amount of each harvested energy unit. We consider Eueh as a
very minor value, for example 0.0001 J, where the harvested energy ( Eueh λom and Eueh λum ) approximately consists
o
o
) and
=min (1, ψm
of all possible values. The active probabilities in overlay and underlay cases is given by Pm
u
u
) , respectively. Since we assumed that the capacity of energy storage is limited and finite, we
=min (1, ψm
Pm
u
u
o
o
≤ 1 , unlike previous literature assuming infinite capacity. On
= ψm
≤ 1 and Pm
= ψm
always consider Pm
the other hand, we suppose that the average harvested energy cannot be more than the mean consumed energy
because of the capacity constraint of the battery.

5. Cooperative spectrum sensing with α factor
Spectrum sensing is an important technique for cognitive radio networks to detect frequency holes and support
the PU in avoiding adverse collision with the SU. Shadowing and multipath fading are the most common
problems in the spectrum detection process. Cooperative spectrum sensing can solve these issues using spatial
diversity. As illustrated in Figure 1, 2M SUs participate to find unoccupied channels. In this paper, we apply
an energy detection scheme based on data fusion because of simple computation and low complexity. SUs
transmit local observations to the fusion center (FC) for finding the PU through a common control channel,
where the final decision is concluded by gathering all received signals from the cooperative SUs; see Figure 5.
A fusion center is a centralized processor in which each SU sends a weighted squared received signal. Then the
fusion center sums the information of SUs, compares it to a given threshold, and makes a final decision on PU
presence/absence. Finally, the fusion center feeds back the result of the comparison to the SUs to transmit data
if the channel is idle.
After self-interference elimination, the received signal at the SU-RX antenna of the m th SU can be given
by:
{
αm sm (n)hm
H0
ss + zm (n),
xm (n) =
(6)
m
p (n)hm
+
α
s
(n)h
+
z
(n),
H
m m
m
1
ps
ss
Here, αm is the factor of self-interference elimination and sm (n) is the self-interference SU signal. hm
ss denotes
the channel coefficient from the SU-TX antenna to the SU-RX antenna. zm (n) is additive white Gaussian noise
3406
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Figure 5. Cooperative spectrum sensing for proposed system.
2
and p (n) is the PU signal at the n th sample of N samples for each frame.
with zero-mean and variance σm

hm
ps denotes the channel coefficient from the PU to SU-RX antenna. The self-interference signal is the leakage
and unwanted emission of the radio frequency signal from SU-TX to SU-RX. This phenomenon is a specific
kind of noise, which reduces the signal to noise ratio at SU-RX. After applying self-interference cancellation
techniques, the residual signal at the SU-RX antenna, denoted ∆sm (n), is divided by the transmitted signal
from the SU-TX antenna ( sm (n) ). The result of this fraction is interpreted as a factor of self-interference
cancellation, which is obtained by αm = ∆sm (n)/sm (n) . The physical meaning of αm is the ratio of the
remainder signal to the total signal of SU at SU-RX and indicates the ability of self-interference cancellation
technique for suppression.
To discover the frequency hole and compare with the threshold, the energy detector needs to know the
energy of signals (i.e. the sum of squared signals). The local sensing outcomes are accumulated for each SU as
follows:
vm =

∑N −1
n=0

|xm (n)|2 ,

m = 1, 2, ..., 2M

(7)

Here, 2M is the number of SUs. Based on the central limit theorem [31], if the number of samples is sufficiently
large ( N ≥ 10 ), then the local sensing outcomes have Gaussian distribution. The received signals at the FC
are written by:
∑
rc = 2M
(8)
m=1 wm (vm + um ), m = 1, 2, ..., 2M
2
Here, um indicates the noise of the common control channel with zero-mean and variance γm
. wm denotes the
∑2M
contribution weight of the m th SU for the final decision, 0 ≤ wm ≤ 1 and
. When deep fading
m=1 wm = 1

and shadowing occur, the weight of the SUs can be changed in order to decrease the negative effects. rc is
compared to a threshold, δc , and then the FC makes its own decision. If rc is smaller than δc , the channel will
3407
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be assumed idle. For rc ≥ δc , the channel will be considered busy. vm is a normal random variable and the
linear fusion ( rc ) is normal. According to the data fusion technique, first the local sensing results of each SU
( vm ) are added by noise of the common control channel, and then the weighted coefficients of each SU ( wm )
are accumulated in the fusion center to compare with the threshold δc . On the other hand, wm indicates the
contribution share of each SU for the final decision. rc has means under H0 and H1 hypotheses as follows:
E (rc | H0 ) =
E (rc | H1 ) =
Here, Esm =

∑N −1
n=0

|sm (n)|2 and Ep =

are derived by:
Var (rc | H0 ) =
Var (rc | H1 ) =

m=1

∑N −1
n=0

)
2
2
2
N σm
+ αm
Esm |hm
wm
ss |

(9)

)
2
2
2
m 2
N σm
+ αm
Esm |hm
ss | + Ep |hps | wm

(10)

m=1

∑2M (

|p (n)|2 . Also, the variances of rc under H0 and H1 hypotheses

∑2M (

∑2M (
m=1

∑2M (

) 2
4
2
2 2
2
wm
2N σm
+ 4αm
Esm |hm
ss | σm + γm

(11)

) 2
) 2
( 2 m m2
4
2
2N σm
+ 4 αm
Es |hss | + Ep |hm
σm + γm 2 wm
ps |

(12)

m=1

Then the false alarm and detection probabilities of the proposed multiuser network are respectively
calculated by:
(
)
δc − E (rc | H0 )
Pf = Pr (rc ≥ δc | H0 ) = Q √
(13)
Var (rc | H0 )
(
Pd = Pr (rc ≥ δc | H1 ) = Q

δc − E (rc | H1 )
√
Var (rc | H1 )

)

Here, Q indicates the complementary Gaussian distribution function defined as Q (x) =

(14)
∫∞
x

√
2
e−t dt/ 2π .

6. Maximum throughput and optimal regulated rate
In this section, we formulate the maximum average throughput of the SU according to cooperative spectrum
sensing versus optimal regulated rate of energy harvesting, implemented in the hybrid model. As depicted in
Figure 1, the proposed multiuser network consists of M transmitter-receiver pairs of SUs. m and ḿ denote
the peer nodes of link m . We first acquire the transmission power from the mth SU node to the ḿ th SU node
in overlay and underlay cases as follows, respectively:
(
)
posum = S/T + Eueh λom − ps , m = 1, 2, ..., 2M

(15)

(
)
pusum = S/T + Eueh λum − ps , m = 1, 2, ..., 2M

(16)

Here, S is the remaining energy in the storage battery at the start of the frame. In order to control the
harvested energy rates for maximizing throughput, a buffer equipped with a regulator is placed at the gate of
the SU storage. Let Λm indicate the harvested energy during one frame in the buffer. Λm varies at each frame
because of the environmental circumstances, which specify the value of the harvested energy. It is clear that
u
the constraints Eueh λom T ≤ Λm and Eueh λm
T ≤ Λm should be satisfied in our network. Furthermore, in order
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to simplify the optimization problem in a hybrid cognitive radio network, let the maximum possible value of
u
λum in the underlay case be the minimum amount satisfying three conditions, pusum ≤ βpT hreshold , Pm
≤ 1 , and
Eueh λum T ≤ Λm , as:
λum


( eh )

(ps T + pt T (P (H0 )Pf + P (H1 )Pd )) / Eu T
= min (βpT hreshold − S/T + ps ) /Eueh


Λm /Eueh T

(17)

Here, pT hreshold is the maximum allowed interference power in the underlay case. On the other hand, when
the frequency band is occupied by the PU, the transmission power of the relay should not exceed βpT hreshold .
It is worth noting that the harvested energy rate in the overlay channel is much bigger than the rate in the
underlay channel, i.e. λom >> λum . Consequently, in order to maximize the average throughput, the problem
optimization is only derived with regard to λom . The harvested energy rate of the SU should be regulated to
support the PU in avoiding damaging interference. Therefore, the interference power constraint of the mth SU
and related relay is given by:
(

posum P (H1 ) (1 − Pd ) + pusum P (H1 ) Pd

)(

)
2
m 2
|hm
≤ Γm
sp | + β|hrp |

(18)

m
Here, hm
sp and hrp are the channel coefficients from node m and its relay to PU receiver, respectively. Γm

indicates the maximum interference power tolerated by the PU in the hybrid channel. Furthermore, the total
energy budget constraint of node m after relaying is derived by:
(

)
2 m 2
posum (P (H0 ) (1 − Pf ) + P (H1 ) (1 − Pd )) + pusum (P (H0 ) Pf + P (H1 ) Pd ) β|hm
sr | |hrs | ≤ Ptotalm

(19)

m
Here, hm
sr is the channel coefficient from node m to its relay, and hrs is the channel coefficient from relay to

node ḿ. Ptotalm denotes the total allowed transmission power for node m. Thus, the throughput optimization
problem of the secondary network is formulated with respect to λom as follows:
maximize

Rsu (λom ) =

2M
∑

Eueh λom T
m
(P (H0 ) (1 − Pf ) r00
p
T
+
p
T
(P
(H
)
(1
−
P
)
+
P
(H
)
(1
−
P
))
s
t
0
f
1
d
m=1

m
+ (P (H1 ) (1 − Pd ) r10
)+

Eueh λum T
m
m
(P (H0 ) (Pf ) r01
+ (P (H1 ) (Pd ) r11
)
ps T + pt T (P (H0 )Pf + P (H1 )Pd )
(20)

This is subject to Eq. (18), Eq. (19),

o
Pm

≤ 1,

Eueh λom T

≤ Λm , and

λom

∈ Z . For simplicity, we assume
+

that the peer nodes ( m, ḿ ) have the same conditions, transmitting and receiving equal power at each link m .
Accordingly, we define:

)
(
2 m 2
βposum |hm

sr | |hrs |
m

r00 = log 1 +


2
2

|αm |2 posum |hm
ss | + σm

(
)

o
m 2 m 2

βpsum |hsr | |hrs |


m

r
=
log
1
+
 10
2
2 + ν 2 |hm |2
|αm |2 posum |hm
ss | + σm )
m ps
(
u
m 2 m 2
βpsum |hsr | |hrs |

m


r01 = log 1 + |α |2 pu |hm |2 + σ 2

m

sum ss
m

(
)

2

βpusum |hm
|2 |hm

sr
rs |
m

r11 = log 1 +
2
2
2
m 2
|αm |2 pusum |hm
ss | + σm + νm |hps |

(21)
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2
Here, νm
is the variance of PU at the mth SU node. The problem of Eq. (20) can be converted to a convex
√
problem with the transformation of variable λom = z and reformulated as follows:

maximize

rsu (z) = Rsu

(√ )
z

(22)

Proof From convex optimization principles, the two problems of Eq. (20) and Eq. (22) are distinctly similar.
If λom solves the problem of Eq. (20), then z = (λom )2 can solve the problem of Eq. (22), and if z solves the
√
problem of Eq. (22), then λom = z can solve the problem of Eq. (20). Furthermore, for maximizing, if the
objective function is concave and the inequality constraints are convex, then the problem of Eq. (22) will be
convex. Since the inequality constraints are linear with regard to z , the constraints are convex. In order to
facilitate the proof, it is enough to demonstrate the concavity of the following function:
(
)
(
)
√
(
√ )
2 m 2
β S/T + Eueh z − ps |hm
√
√
a1 + a3 + (a2 + a4 ) z
sr | |hrs |
√
√
y(z) = zlog 1 +
=
zlog
,
2
2
|αm |2 (S/T + Eueh z − ps ) |hm
a3 + a4 z
ss | + σm
2 m 2
eh m 2 m 2
2
m 2
2
Here a1 = β (S/T − ps ) |hm
sr | |hrs | , a2 = βEu |hsr | |hrs | , a3 = |αm | (S/T − ps ) |hss | + σm , a4 =
2
|αm |2 Eueh |hm
ss | . The first derivative of y(z) is given by:
(
√ )
1
∂y(z)
a1 + a3 + (a2 + a4 ) z
a2 a3 − a1 a4
√
√
√
= √ log
+
,
∂z
2 z
a3 + a4 z
2(a3 + a4 z)(a1 + a3 + (a2 + a4 ) z)ln2

and the second derivative is written as:
(
√ )
−1
∂ 2 y(z)
a1 + a3 + (a2 + a4 ) z
a2 a3 − a1 a4
√
√
√
=
log
+
∂2z
a3 + a4 z
4z(a3 + a4 z)(a1 + a3 + (a2 + a4 ) z)ln2
4(z)3/2
a (a a − a1 a4 )
(a2 + a4 )(a2 a3 − a1 a4 )
√ 42 2 3
√
√
√
− √
− √
,
4 z(a3 + a4 z) (a1 + a3 + (a2 + a4 ) z)ln2 4 z(a3 + a4 z)(a1 + a3 + (a2 + a4 ) z)2 ln2
since a2 a3 − a1 a4 ≥ 0, which results in
the convexity of Eq. (22) is proved.

∂ 2 y(z)
≤ 0 for total values z ∈ Z+ . Finally, y(z) is concave and
∂2z
2

The Lagrangian function of Eq. (22) with respect to z is obtained by:
(
)
√
2 m 2
L(z, η1 , η2 , η3 , η4 ) =rsu (z) − η1 [ S/T + Eueh z − ps (P (H0 ) (1 − Pf ) + P (H1 ) (1 − Pd )) β|hm
sr | |hrs |
(
)
2 m 2
+ S/T + Eueh λum − ps (P (H0 ) (Pf ) + P (H1 ) (Pd )) β|hm
sr | |hrs | − Ptotalm ]
)
(
)
)
((
√
2
− η2 [ S/T + Eueh z − ps P (H1 ) (1 − Pd ) + S/T + Eueh λum − ps P (H1 ) Pd (|hm
sp |
( eh √ )
2
+ β|hm
zT / (ps T + pt T (P (H0 ) (1 − Pf ) + P (H1 ) (1 − Pd ))) − 1]
rp | ) − Γm ] − η3 [ Eu
√
− η4 [Eueh zT − Λm ]
(23)
Then the Lagrange dual problem is given by:
minmize

g(η1 , η2 , η3 , η4 ),

η1 , η2 , η3 , η4 ≥ 0

(24)

Here, g(η1 , η2 , η3 , η4 ) denotes the Lagrange dual function as
g(η1 , η2 , η3 , η4 ) = sup L(z, η1 , η2 , η3 , η4 )
3410

(25)

MORADI and FARROKHI/Turk J Elec Eng & Comp Sci

For convex problem with linear inequality constraints, the gap between the optimal value of the objective
function and dual function is zero. Thus, the Lagrange dual problem of Eq. (24) can be calculated instead
of the primary problem of Eq. (22). To solve the problem of Eq. (24), we should first derive the supremum
of Lagrangian L(z, η1 , η2 , η3 , η4 ) . The nonlinear problem of Eq. (24) cannot be solved directly using Karush–
Kuhn–Tucker (KKT) conditions. Therefore, we apply Newton’s method to solve the KKT equation set and find
the optimum z .
7. Results and discussion
In this section, we discuss the simulation results for the proposed scheme. We compare our full-duplex protocol
with existing half-duplex systems versus different α , the detection probability, the channel utilization, and signal
to noise ratio (SNR) of the PU. Unless stated otherwise, we use the specified values for related parameters in
Table 2.
Table 2. Values of parameters.

Parameter
Value

Pd
0.9

P (H0 )
0.5

β
4

T (ms)
100

2M
4

N
100

ps (w)
1

pt (w)
5

αm
0.1

Γm (w)
1.5

Ptotalm (w)
10

Λm (j)
0.4

In Figure 6a and Figure 6b, the optimal transmit energy rate ( λom Eueh ) and the maximum throughput of
the SUs are presented respectively versus the sensing time for various values of the self-interference suppression
αm . The transmit rate in half-duplex is increased by increasing the sensing time, while it does not change in
the proposed scheme. Also, the average throughput of the proposed scheme is decreased by an increase in the
self-interference factor. As is seen, the proposed multiuser network based on the frame structure of Figure 3
has constant rate and throughput and does not depend on the sensing duration. Furthermore, the concurrent
network notably has higher rate and throughput than the half-duplex network based on the frame structure
of Figure 2. The maximum throughput of the half-duplex is 3.98 for 40 ms of sensing time. The reason for
this efficiency improvement is that the whole frame period is used for THS at the same time, whereas only
a section of the frame is applied for these operations in the half-duplex network. Some results are not seen
in Figure 6a, such as the better use of the spectrum hole and higher storage of the harvested energy for the
proposed multiuser network. Furthermore, the false alarm probability of the half-duplex network is higher than
the false alarm probability of the proposed multiuser network for identical detection probability and the same
amplification factor.
Figure 7a and Figure 7b illustrate the optimal energy rate and performance versus the power required for
data transmission, respectively. As shown, the optimal rate of the proposed scheme is increased by increasing
pt until a certain point (7, 3.86) and fixed after that, since the constraints of Eq. (18) and Eueh λom T ≤ Λm
are dominated, where the harvested rate is not allowed to grow. This occurs because the active probability in
o
overlay (i.e. Pm
) is decreased and has a negative effect on the average throughput in part b. Furthermore, the
u
increase of pt reduced the active probability in underlay (i.e. Pm
) since the harvested rate in underlay does not

change from Eq. (17) according to our simulation parameters. Therefore, the utility is decreased by increase of
pt . Similar to Figure 6b, the proposed scheme has a higher efficiency than the half-duplex for different values
of α .
We study the effect of the total power budget constraint in Figure 8a and Figure 8b for different values of
detection probability. As Ptotalm is increased, the optimal rate and the average throughput are increased until
3411
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Figure 6. The effect of sensing time on the proposed and existing schemes versus α : (a) optimal harvested energy rate,
(b) average throughput.

Figure 7. The result of pt on the proposed and existing schemes versus α : (a) optimal harvested energy rate, (b)
average throughput.

specified points. At these points of (10, 2.89), (11, 3.31), (12, 3.86), (10, 15.19), and (12, 19.98), the interference
constraint, the active probability constraint, and the total energy constraint of the buffer are overcome and
prevent the increase in rate and throughput. It is obviously seen that the full-duplex protocol has much higher
performance than the existing method.
The challenge of the constraints of the problem in Eq. (20) is illustrated in Figure 9a and Figure 9b versus
the maximum power interference for various values of P (H0 ) . For P (H0 ) = 0.6 , the growth of the harvested
rate is not stopped with Γm . This can be easily explained by the fact that other constraints are satisfied, for
which the rate is allowed to increase. However, after points (0.9, 3.26), (1.3, 3.61), (1.4, 2.64), (0.9, 17.86), and
(1.3, 19.28), the rate and throughput are fixed because the active probability constraint does not allow those to
3412
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Figure 8. The result of Ptotalm on the proposed and existing schemes versus Pd : (a) optimal harvested energy rate,
(b) average throughput.

grow. In Figure 10a and Figure 10b, the result of the total harvested energy in the buffer is shown for different
values of the energy of PU. As seen, the harvested rate and the maximum throughput are increased by increase
of the energy of the PU. This result is supported by the fact that the energy detector can discover the presence
of the PU more precisely by increase of the energy of the PU, and then the effect of α becomes lower, the false
alarm probability is reduced, and the detection probability is increased. However, after points (0.5, 2.64), (0.6,
3.86), (0.5, 13.99), and (0.6, 19.98), the performance is not changed because of overcoming constraints defined
in Eq. (20).

Figure 9. The result of Γm on the proposed and existing schemes versus P (H0 ) : (a) optimal harvested energy rate,
(b) average throughput.

In Figure 11a and Figure 11b, the optimal energy rate and performance are illustrated versus β for
different fading channels between the SU and the relay. At β = 4 , the best performance is achieved for the
full-duplex method. For values smaller than 4, β amplifies the transmit power more than the interference power;
3413
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Figure 10. The result of Λm on the proposed and existing schemes versus Ep : (a) optimal harvested energy rate, (b)
average throughput.

thus, the average throughput is increased by the growth of it. After this point, the throughput is decreased
because the amplification factor influences the interference power more than the transmit power. Additionally,
the defined constraints in Eq. (20) do not allow the optimal rate to increase so it is fixed until point 4. When the
fading channel between the SU and relay becomes more intense, the efficiency of the network is more degraded.

Figure 11. The result of β on the proposed and existing schemes versus Ep : (a) optimal harvested energy rate, (b)
average throughput.

We compare the maximum throughput and the harvested energy rate of our full-duplex method with the
existing half-duplex scheme for various parameters in Table 3. As is obviously seen, the proposed performance
has higher values than the existing works (half-duplex scheme as in [22]) and the effect of simultaneous THS is
outstanding in simulation results.
3414
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Table 3. Performance comparison of the proposed scheme with the existing protocol versus different parameters.

Rsu (full-duplex)
Rsu (half-duplex)
λom Eueh (full-duplex)
λom Eueh (half-duplex)

Pd = 0.95
17.17
2.66
3.42
2.05

P (H0 ) = 0.75
18.57
4.73
3.43
2.9

pt = 7
15.54
3.95
3.86
3.23

αm = 0.2
15.95
3.98
3.83
2.62

Γm = 1.3
15.05
3.89
2.89
2.55

Ptotalm = 8
16.52
3.98
3.18
2.62

Λm = 0.3
15.56
3.93
2.99
2.58

8. Conclusions
This study introduces a new energy harvesting cognitive relay system with multiple SUs to maximize the
average throughput based on cooperative spectrum sensing. In the proposed scheme, each SU sends its local
sensing results to the FC and the final decision is obtained according to the channel status. To improve the
performance and decrease the false alarm and detection probabilities, data transmitting, energy harvesting,
and spectrum sensing are implemented at the same time in a multiuser relay network. Additionally, the selfinterference elimination technique is used to solve the trade-off among data transmitting, energy harvesting, and
spectrum sensing. Ultimately, the optimal harvested energy rate and power allocation are achieved to optimize
the proposed relay network. Simulation results show that the proposed full-duplex network has notably better
performance than the half-duplex network. In future studies, the proposed scheme will be generalized for
multichannel energy harvesting cognitive relay systems.
References
[1] Liang YC, Chen KC, Li GY, Mahonen P. Cognitive radio networking and communications: an overview. IEEE
Transactions on Vehicular Technology 2011; 60: 3386-3407.
[2] Amini M, Mirzavandi A. Phase-type model spectrum sensing for Cognitive Radios. IETE Journal of Research 2015;
61: 510-516.
[3] Sharifi AA, Sharifi M, Musevi MJ. Collaborative spectrum sensing under primary user emulation attack in cognitive
radio networks. IETE Journal of Research 2016; 62: 205-211.
[4] Lu X, Wang P, Niyato D, Kim DI, Han Z. Wireless networks with RF energy harvesting: a contemporary survey.
IEEE Communications Surveys and Tutorials 2015; 17: 757-789.
[5] Kim S, Vyas R, Bito J, Niotaki K, Collado A et al. Ambient RF energy-harvesting technologies for self-sustainable
standalone wireless sensor platforms. IEEE Proceedings 2014; 102: 1649-1666.
[6] Lu X, Niyato D, Wang P, Kim DI, Han Z. Wireless charger net-working for mobile devices: Fundamentals, standards,
and applications. IEEE Wireless Communications 2015; 22: 126-135.
[7] Yin S, Zhang E, Qu Z, Yin L, Li S. Optimal cooperation strategy in cognitive radio systems with energy harvesting.IEEE Transactions on Wireless Communications 2014; 13: 4693-4707.
[8] Chung W, Park S, Lim S, Hong D. Spectrum sensing optimization for energy-harvesting cognitive radio Systems.
IEEE Transactions on Wireless Communications 2014; 13: 2601-2613.
[9] Moradi A, Farrokhi H, Najafpoor V. Maximum throughput of cognitive relay systems. International Journal of
Advanced Biotechnology and Research 2016; Special Issue: 1037-1043.
[10] Moradi A, Farrokhi H, Najafpoor V. Maximum throughput of cognitive relay systems under interference and power.
In: International Conference on New Research Achievements in Electrical and Computer Engineering; Tehran, Iran;
2016. pp. 1-8.

3415

MORADI and FARROKHI/Turk J Elec Eng & Comp Sci

[11] Prasad B, Roy SD, Kundu S. Performance of cognitive relay network with energy harvesting relay under imperfect
CSI. International Journal of Communication Systems 2018; 31: 1-14.
[12] Janghel K, Prakriya S. Throughput of underlay cognitive energy harvesting relay networks with an improved timeswitching protocol. IEEE Transactions on Cognitive Communications and Networking 2018; 4: 66-81.
[13] Nguyen DK, Jayakody DNK, Chatzinotas S, Thompson JS, Li J. Wireless energy harvesting assisted two-way
cognitive relay networks: protocol design and performance analysis. IEEE Access 2017; 5: 21447–21460.
[14] Li S, Zheng Z, Ekici E, Shroff N. Maximizing system throughput by cooperative sensing in cognitive radio networks.
IEEE/ACM Transactions on Networking 2014; 22: 1245-1256.
[15] Shailesh D, Bikram A N, Nashib A. Performance analysis of throughput maximization techniques in cognitive radio
using cooperative spectrum sensing. Research Journal of Engineering Sciences 2015; 4: 16-25.
[16] Masazade E, Rajagopalan R, Varshney PK, Mohan CK, Sendur GK et al. A multiobjective optimization approach
to obtain decision thresholds for distributed detection in wireless sensor networks. IEEE Transactions on Systems,
Man, and Cybernetics Part B 2010; 40: 444-457.
[17] Yuan W, You X, Xu J, Leung H, Zhang T et al. Multiobjective optimization of linear cooperative spectrum sensing:
Pareto solutions and refinement. IEEE Transactions on Cybernetics 2016; 46: 96-108.
[18] Bansal G, Hossain J, Bhargava VK. Adaptive power loading for OFDM-based cognitive radio systems. In: 2007
IEEE International Conference on Communications; Glasgow, UK; 2007. pp. 5137-5142.
[19] Moradi A, Farrokhi H, Ghazizade R. Throughput optimization using simultaneous sensing and transmission in
energy harvesting cognitive radio networks. International Journal of Communication Systems 2018; 32: 1-24.
[20] He J, Guo S, Pan G, Yang Y, Liu D. Relay cooperation and outage analysis in cognitive radio networks with energy
harvesting. IEEE Systems Journal 2018; 12: 1-12.
[21] Nguyen TN, Duy TT, Luu GT, Tran PT, Voznak M. Energy harvesting-based spectrum access with incremental
cooperation, relay selection and hardware noises. Radioengineering 2017; 26: 240-250.
[22] Yin S, Qu Z, Li S. Achievable throughput optimization in energy harvesting cognitive radio systems. IEEE Journal
on Selected Areas in Communications 2015; 33: 407-422.
[23] Huang S, Chen H, Zhang Y. Optimal power allocation for spectrum sensing and data transmission in cognitive relay
networks. IEEE Wireless Communications Letters 2012; 1: 26-29.
[24] Han SW, Kim H, Han Y, Cioffi JM, Leung VCM. A distributed power allocation scheme for sum-rate maximization
on cognitive GMACs. IEEE Transactions on Communications 2013; 6: 248-256.
[25] Lin YE, Liu KH, Hseih HY. On using interference-aware spectrum sensing for dynamic spectrum access in cognitive
radio Networks. IEEE Transactions on Mobile Computing 2013; 12: 461-474.
[26] Afifi W, Krunz M. Incorporating self-interference cancellation for full-duplex operation in opportunistic spectrum
access systems. IEEE Transactions on Wireless Communications 2015; 14: 2180-2191.
[27] Tang N, Mao S, Kompella S. On power control in full duplex underlay cognitive radio networks. Ad Hoc Networks
2016; 37: 183-194.
[28] Cheng W, Zhang X, Zhang H. Full-duplex spectrum-sensing and MAC-protocol for multichannel nontime-slotted
cognitive radio networks. IEEE Journal on Selected Areas in Communications 2015; 33: 820-831.
[29] Wang K, Wu H, Meng Y, Zhang Y, Wei Z. Integrated energy storage and electrochromic function in one flexible
device: an energy storage smart window. Energy and Environmental Science 2012; 5: 8384-8389.
[30] Liao Y, Song L, Han Z, Li Y. Full duplex cognitive radio: a new design paradigm for enhancing spectrum usage.
IEEE Communications Magazine 2015; 53: 138-145.
[31] Gendenko BV, Kolmogorov AN. Limit Distributions for Sums of Independent Random Variables. 1st ed. Cambridge,
MA, USA: Addison-Wesley, 1954.

3416

